Abstract The use of microchip devices to study cellular systems is a rapidly growing research area. There are numerous advantages of using on-chip integrated electrodes to monitor various cellular processes. The purpose of this review is to give examples of advancements in microchipbased cellular analysis, specifically where electrochemistry is used for the detection scheme. These examples include on-chip detection of single-cell quantal exocytosis, electrochemical analysis of intracellular contents, the ability to integrate cell culture/immobilization with electrochemistry, and the use of integrated electrodes to ensure cell confluency in longer-term cell culture experiments. A perspective on future trends in this area is also given.
Introduction
The use of microchip-based systems for conducting analytical measurements is now a well-established field. The first demonstration of a micro-total analysis system (μ-TAS) was in 1979 by Terry et al. [1] , where a miniature gas chromatograph with a thermal conductivity detector was fabricated on a silicon wafer. In the early 1990s, a group of scientists at Ciba Geigy in Switzerland introduced the use of microfabricated analysis systems for electrophoresis-based separations [2, 3] . Initial publications in this area focused on basic chip operations (such as injection and separation schemes [4, 5] ) as well as the use of alternative chip materials, including polydimethylsiloxane (PDMS) [6, 7] .
The small channel dimensions (on the micron scale) and the ability to manipulate small sample volumes (less than 1 nL is routine) dictates the use of a sensitive detection technique in microchip devices. Initially, most studies used laser induced fluorescence detection, primarily due to the simplicity of constructing these systems, the ease of focusing the laser beam in the channels, and the low limits of detection that are achievable (picomolar to nanomolar, depending on the analyte) [8, 9] . The main disadvantage of the laser induced fluorescence approach is the requirement for derivatization with a fluorophore for most analytes. Another major detection technique that has been utilized for microchip devices is electrochemistry. Many biologically significant compounds (such as catecholamine neurotransmitters) can be detected sensitively and selectively without derivatization, so close to real-time analysis is possible [10, 11] . It is possible to fabricate the microelectrodes with many of the same photolithographic procedures that are used to construct the microchannel component of the microchips [12] . In addition, the electrode can be fabricated directly on the chip, leading to a fully integrated system [13] . The use of electrochemical detection in microchip systems has been extensively reviewed [9, 12, [14] [15] [16] [17] .
In the early 2000s, many researchers realized that microchip-based systems have many advantages for the analysis of cellular systems. These advantages include fast analysis times (on the order of seconds), high-throughput analysis, the possibility of portability and disposability, the ability to use small channel volumes, and the ability to inject small sample volumes. In terms of monitoring biological systems, these characteristics are important in terms of (1) minimizing dilution effects so that small concentrations of analyte can be detected [18, 19] , (2) enabling high temporal measurements so that there is little time between the biological event and analysis [20] [21] [22] , (3) increasing the throughput so that many samples can be analyzed in a given time [23, 24] , (4) integrating multiple functions such as cell manipulation or immobilization and analysis [25, 26] , and (5) the ability to fabricate structures that can mimic the three-dimensional nature of in vivo environments [27] . Initial reports in this area focused on the manipulation [28] or immobilization [29] of various cell lines. Since that time, this research area has exploded, as can be demonstrated by the number of reviews involving "cells-on-chip" [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] .
Due to the many advantages of using electrochemical detection in microchip devices (given above), there have been many recent reports of using on-chip integrated electrodes to monitor cellular processes. The electroanalytical techniques that are commonly employed for these types of studies are amperometry, voltammetry, and resistance measurements, with the analytes usually being electroactive. The purpose of this review is to update the reader on the advances of on-chip cellular analysis, specifically where electrochemistry is used for the detection scheme. This is not a comprehensive review; rather we focus on several key studies that demonstrate the possibilities of microchip-based electrochemical detection for cellular analysis. If readers desire a more in-depth literature review in the area of cells-on-chip, we refer them to reviews that detail on-chip single-cell analysis [30] [31] [32] [33] , immobilization of cell layers in microchip devices [32, [34] [35] [36] [37] [38] [39] , and chip-based electrochemical detection of cellular systems [40] .
On-chip detection of quantal exocytosis from single cells Traditionally, electrochemical-based detection of catecholamine secretion (exocytosis) from vesicles in cell lines such as PC 12 cells has been accomplished using a single carbon fiber microelectrode (typically 7 μm in diameter) placed over a single cell. Upon stimulation (such as with a solution containing an elevated concentration of K + ), the vesicles undergo exocytosis, where they fuse to the plasma membrane and release their content into the extracellular space, which is detected at the microelectrode. Several groups have measured exocytotic events in this manner [41, 42] . The recent trend is to adapt this approach to a microchip format. Various research groups have developed microdevices to monitor quantal exocytosis, with the microchip enabling possible higher-throughput experiments [43] [44] [45] [46] . One of the disadvantages of the traditional carbon fiber approach is the need to locate a single cell and precisely position the microelectrode over the cell. It has been shown that with a microchip approach, one can isolate and direct single cells to individually addressed thin-layer electrodes so that single quantal events can be detected electrochemically. Most recently, Gillis's group [47] has developed a microchip platform with indium tin oxide 40-microelectrode arrays and selective patterning to direct individual chromaffin cells to each microelectrode (Fig. 1a) . Targeting of single cells is achieved by using cell-sized microwell traps fabricated in SU-8 photoresist together with pattering of a poly (L-lysine) layer on the electrodes to promote cell adhesion. The surface between electrodes is made resistant to cell adhesion using a different polymer poly(ethylene glycol). Gillis's group [47] demonstrated that the microelectrode array yields consistent and reproducible measurements of single-cell exocytosis. It was also shown that exchange of media can be done without displacing cells from the microelectrode array. These microwell devices could be cleaned and reused with a different batch of cells without degradation of the electrode performance. Certainly this new approach will continue to be used for high-throughput studies involving the electrochemical detection of quantal exocytosis on single cells.
Electrochemical analysis of intracellular contents
The ability to integrate multiple processes while minimizing dilution makes the microchip format uniquely suited for intracellular analysis [30, 31] . In terms of using integrated electrodes to measure intracellular contents, our group described a microchip device with integrated injection, onchip cell lysis, and thin-layer mercury/gold amalgam microelectrodes for the selective detection of intracellular glutathione (GSH) in red blood cells [48] . The thin-layer gold microelectrodes were amalgamated by electrodeposition of mercury and used to determine the GSH content in rabbit erythrocyte samples (2 % hematocrit). A 40-nL plug of red blood cells was injected, lysed on-chip, and the intracellular GSH was amperometrically detected, all in 5 s. The amount of GSH detected corresponded to 312 amol per cell, which was in agreement with previous work that used fluorescence detection after a 30-min incubation period [48] .
In addition to measuring release of neurotransmitters from intact single cells (described in the preceding section), there have also been demonstrations of microchip devices with integrated electrodes that can measure intracellular contents of single cells, including the content of single vesicles. Ewing's group [49] developed a hybrid capillarymicrofluidic device to separate, lyse, and electrochemically detect content of single vesicles. Vesicles from PC 12 cells were first isolated using a selective lysis and differential centrifugation procedure so that the vesicles remained intact in the supernatant. Vesicles were then electrokinetically injected onto a capillary that was interfaced with a PDMSbased microchip (which contained lysis channels and electrodes). The vesicles were separated using capillary electrophoresis, and as the separated vesicles exited the capillary into the microchip, they were lysed with a buffer using a sheath-flow approach. The sheath flow was important in this device in order to minimize dispersion of the vesicle content before reaching the detection electrode. The content of each vesicle were then amperometrically detected at a carbon fiber microelectrode that was integrated into the PDMS microchip (in an end-column configuration, see Fig. 1b ) so that there was little time between lysis and detection. Prior to this novel approach, the catecholamine content of single vesicles was determined using single carbon fiber electrodes and intact cells (as described at the beginning of the previous section). In this study, the carbon fiber approach was used to quantitate the amount of catecholamines released during exocytosis and this new approach was used to determine the amount of catecholamine each vesicle contains. Using this approach it was found that PC 12 cells release only about 40 % of their total catecholamine content during exocytosis [50] . This was a key finding because prior to this study, it was thought that vesicle catecholamine release was all or nothing. The microchip approach enabled the researchers to integrate hydrodynamic focusing of the vesicles, vesicle lysis, and amperometric detection of the vesicle content to provide many new insights into the mechanism of exocytosis.
Integrating cell culture with electrochemistry-based analysis
Although much information can be garnered from singlecell studies, there is also interest in culturing layers of adherent cells in microfluidic devices. By integrating a method to analyze the chemicals that are released from the cultured cells, one could investigate how cells act in concert and how populations of cells communicate with each other. In a sense, such a device can be considered an in vitro based mimic of an in vivo system that also includes an analysis scheme.
The ability to directly detect molecules as they are released from cells has made electrochemistry a popular method for measuring short-lived analytes such as nitric oxide (NO). The first demonstration of measuring NO release from cultured cells on-chip was by Spence et al. [51] in 2004. They immobilized a confluent layer of bovine pulmonary artery endothelial cells (bPAECs) in microchannels and used flow injection analysis with integrated carbon ink electrodes for NO detection. They determined the optimum conditions for immobilizing bPAECs in PDMS-based microchannels and how to modify the microelectrodes to selectively detect NO. They also presented the ability to quantitatively determine the amount of endotheliumderived NO upon stimulation with adenosine triphosphate (ATP). Later, Hulvey and Martin [52] developed a microfluidic device that used a reservoir-based approach for endothelial cell immobilization and integrated carbon ink microelectrodes for amperometric detection of extracellular NO release. In this design, the cells are contained in one area of the device and only the cellular release is carried by a continuously flowing buffer stream to interact with the detection electrode.
Previous work has also shown that a microchip-based approach with integrated electrodes can be used to quantitatively monitor the amount of catecholamines released from a layer of immobilized PC 12 cells upon stimulation with a solution containing an elevated concentration of K + [53] . This initial work focused on the development of a simple method for the immobilization of PC 12 cells in PDMS-based microchannels. Collagen was determined to be the best coating for cell adhesion on the PDMS surface, and it was selectively coated onto the PDMS microchannels. The cell-coated microchannel was then reversibly sealed on glass that contained carbon ink electrodes for amperometric detection. The micromolded carbon ink electrodes were coated with a Nafion membrane to eliminate interferences from ascorbic acid. Various concentrations of PC 12 cells within the PDMS-based microchannel led to a catecholamine release ranging from 20 to 160 μM upon stimulation [53] . Although this study demonstrated the quantification of catecholamines released from PC 12 cells, it was not able to differentiate dopamine and norepinephrine.
A more recent study focused on the development of a device that could detect multiple analytes released from stimulated PC 12 cells [54] . The fabricated device integrated multiple processes such as cell immobilization, on-chip valving, microchip electrophoresis, and electrochemical detection (see Fig. 2 ). Microchip electrophoresis was an innovative feature because it allowed the detection of multiple analytes (dopamine and norepinephrine) released from the immobilized PC 12 cell layer. This study used a reservoirbased cell immobilization technique where a PDMS micropallet, onto which PC 12 cells were immobilized, could be placed within a reservoir on the microchip. On-chip peristaltic pumps were used to continuously sample from the cell-coated reservoir and injection valves were used to make discrete injections into the separation channel. A palladium decoupler was used to provide an electrophoretic ground, absorb hydrogen produced from the reduction of water at the cathode, and allow in-channel detection. The released catecholamines (upon stimulation with a nicotine solution) were electrophoretically separated and subsequently detected downstream at a carbon ink electrode. This method was modular in that multiple micropallets could be inserted as desired into the microchip and control studies were easy to perform. A key element of this microchip was the ability to isolate the cells from the high voltage associated with the electrophoretic separation channel. This was the first demonstration of simultaneously monitoring the release of dopamine and norepinephrine from immobilized cells on a microchip device. In the future, it will be possible for this device to be expanded to have multiple reservoirs and pumps to look at multiple cell lines and how the cells interact with each other.
Monitoring cell confluency with on-chip electrodes
To study vascular wall biology with an in vitro model, a confluent layer of endothelial cells is required. The best known vascular wall is the blood-brain barrier, which is a selective membrane composed of a confluent layer of endothelial cells in the cerebral capillaries. It is common to use cell lines such as bovine brain microendothelial cells that are cultured on microtiter plates with a polycarbonate membrane insert [55] to mimic a vascular wall. The confluency is typically ensured by measuring the transendothelial electrical resistance (TEER), where a current is passed between the electrodes on either side of the membrane. As the cells grow on the membrane and form tight junctions, the resistivity of the layer increases, resulting in a decrease in the current measured. Thus, a lower resistance is indicative of a cell layer that is not yet completely confluent or, if it is confluent, a lower resistance may suggest layer breakdown. Recent trends in culturing cells on-chip have led to several approaches of transferring the TEER measurement to the microchip format via integrated electrodes. Takayama's group [56] was the first to fabricate such a device, with embedded Ag/AgCl electrodes within a PDMS-based device to measure TEER. Impedance was used in this device to confirm a confluent monolayer of cells with both brainderived endothelial and epithelial cells. This work was the first report of a microfluidic device to measure TEER in real time using electrochemistry.
A more recent study developed a device to measure TEER (with integrated electrodes) in a manner where cellto-cell interactions (between flowing red blood cells and an immobilized layer of endothelial cells) can also be investigated [57] . In this device, conductance was also used to monitor cell layer integrity. In this approach, bPAECs were cultured on a polycarbonate membrane inside a PDMS well. Cell media (or red blood cells) was pumped through a channel on the other side of the membrane (Fig. 3a ). An integrated aluminum strip (below each well) served as one detection electrode for the TEER measurements, with the top electrode being a copper wire. The top electrode was clamped into place and the microfluidic device was then raised until the copper electrode rested in the wells where a TEER measurement was desired. This device was used to demonstrate that endothelial cells reached confluency at approximately 8 h, as determined by TEER measurements (Fig. 3b) . It was also shown that this type of device can be used for TEER measurements on endothelial cells that have been stimulated to produce NO by ATP released from the flowing red blood cells. Fluorescence detection and an intracellular dye were used to show NO production by immobilized endothelial cells that had reached confluence was 34 % higher than the cells that had not reached confluence, with the confluency being determined by the integrated TEER measurement.
Outlook
These selected works clearly demonstrate the many advantages of using microchip-based systems with integrated electrodes to study cellular systems. In terms of future trends, one area of research is the use of chip substrates that are more cell-compatible. The vast majority of microchip devices have been fabricated with PDMS. While these devices can be fabricated with rapid prototyping methods [7] and the PDMS is gas-permeable (which is important for proper gas exchange in longer-term culture experiments), the use of PDMS in cell studies does pose several problems. PDMS is a cross-linked polymer composed of hydrophobic dimethylsiloxane oligomers. Residual uncross-linked monomers can leach from the bulk into the cell culture system and hydrophobic molecules from the cell media can also partition into the hydrophobic PDMS [58] . Recent work has focused on developing polystyrene (PS)-based microchip devices for cell-based assays, with several descriptions of fabricating devices and the resulting improvements in biocompatibility [59] [60] [61] [62] [63] . Although PS devices have mainly been fabricated via hot embossing [59, 64] , the integration of other components such as electrodes or connections for off-chip functions was not demonstrated until recently. We recently reported a simple approach for fabrication of PS devices that is based on melting PS (from either a Petri dish or a powder form) against PDMS molds or around electrode materials, as shown in Fig. 4 [65] . It was shown that PC 12 cells had better adherence on the PS devices as compared to the use of PDMS. The utility of PS devices with integrated channels and electrodes was demonstrated by electrochemically monitoring the release of catecholamines from PC 12 cells. Potassium stimulation resulted in the release of 114± 11 μM catecholamines, a significant increase over the release from cells that had been exposed to an inhibitor (reserpine; 20±2 μM catecholamines) [66] . The advantage of using PS-based microdevices relative to PDMS substrates for improved cellular adhesion is demonstrated in Fig. 5 . With PDMS devices it is common to coat the device with an adhesion factor such as collagen or fibronectin [51, 53] ; however, when various cell lines are cultured in culture flasks, it is common to not use any adhesion factor. The ability to culture cells on uncoated PS devices relative to an uncoated PDMS substrate was demonstrated in recent work from our laboratory that is shown in Fig. 5 . In this study, bPAECs (grown to confluency in a T-25 flask with previously described methods [51, 52] ) were detached (with a trypsin solution), neutralized, spun down, and reconstituted in 1 mL of cell media. PDMS-based reservoirs were placed over either a PDMS microchip (Fig. 5a ) or a fabricated PS microchip (Fig. 5b) , both of which were not coated with adhesion factor. An aliquot (200 μL) of the bPAECs was added to each reservoir and the cells were allowed to attach overnight, after which time the reservoirs were rinsed (via pipetting) with Hanks's balanced salt solution. As is evident in the micrographs, only a very small fraction of cells remained adherent on the uncoated PDMS, and most of the cells remained adherent on the uncoated PS substrate. Although confluent layers of bPAECs can be obtained in PDMS devices if they are precoated with fibronectin [51, 52] , it is our experience that cells adhere more quickly and, with bPAECs in a more elongated morphology, on PS devices (as compared with use of coated PDMS substrates). We are currently focusing on integrating multiple processes into these more biocompatible PS devices and we expect this relatively new area of research to continue to grow. There are several other directions for future research in this area. One is making microchips that are compatible with existing laboratory infrastructure such as a 96-well plate reader so that automated, high-throughput studies can be accomplished. This was recently demonstrated by interfacing a multichannel device with integrated registration marks to a standard fluorescence plate reader, with the approach being used to fluorescently monitor the release of NO (after derivatization with a diaminofluorescein dye) from a flowing stream of red blood cells that had been exposed to a hypoxic buffer [67] . Another recent demonstration involved using a PDMS injection block to incorporate a standard micropipette as part of a pumping mechanism, with the final PS device being compatible with a 96-well plate reader [66] . Other areas of promising future work include use of multimodal detection (such as fluorescence and electrochemical detection) to provide more information about biological systems (including simultaneous monitoring of intracellular and extracellular events), more routine integration with mass spectrometry to provide even more information about the cellular system, and the use of multiple cell types so that cell-to-cell interactions can be probed [68] . Certainly the use of microchip-based electrochemical detection holds a lot of potential for monitoring cellular systems. 
